Tripartite motif protein TRIM5α blocks retroviral replication after cell entry, and species-specific differences in its activity are determined by sequence variations within the C-terminal B30.2/ PRYSPRY domain. Here we report a high-resolution structure of a TRIM5α PRYSPRY domain, the PRYSPRY of the rhesus monkey TRI-M5α that potently restricts HIV infection, and identify features involved in its interaction with the HIV capsid. The extensive capsidbinding interface maps on the structurally divergent face of the protein formed by hypervariable loop segments, confirming that TRIM5α evolution is largely determined by its binding specificity. Interactions with the capsid are mediated by flexible variable loops via a mechanism that parallels antigen recognition by IgM antibodies, a similarity that may help explain some of the unusual functional properties of TRIM5α. Distinctive features of this pathogenrecognition interface, such as structural plasticity conferred by the mobile v1 segment and interaction with multiple epitopes, may allow restriction of divergent retroviruses and increase resistance to capsid mutations.
Tripartite motif protein TRIM5α blocks retroviral replication after cell entry, and species-specific differences in its activity are determined by sequence variations within the C-terminal B30.2/ PRYSPRY domain. Here we report a high-resolution structure of a TRIM5α PRYSPRY domain, the PRYSPRY of the rhesus monkey TRI-M5α that potently restricts HIV infection, and identify features involved in its interaction with the HIV capsid. The extensive capsidbinding interface maps on the structurally divergent face of the protein formed by hypervariable loop segments, confirming that TRIM5α evolution is largely determined by its binding specificity. Interactions with the capsid are mediated by flexible variable loops via a mechanism that parallels antigen recognition by IgM antibodies, a similarity that may help explain some of the unusual functional properties of TRIM5α. Distinctive features of this pathogenrecognition interface, such as structural plasticity conferred by the mobile v1 segment and interaction with multiple epitopes, may allow restriction of divergent retroviruses and increase resistance to capsid mutations. R etroviral restriction factors are important components of innate immunity defenses that protect higher organisms against retroviral pathogens. The splicing variant alpha of tripartite motif five (TRIM5α) is particularly remarkable because of the potent activity that the TRIM5α of rhesus monkey (rhTRIM5α) displays against HIV-1 (1). TRIM5α is a member of the tripartite motif (TRIM) family of proteins increasingly recognized for their role in innate immunity (2) (3) (4) . All TRIM proteins share a conserved N-terminal tripartite domain motif consisting of a RING domain, followed by one or two B-box domains and then by a coiled-coil segment. The composition of the C-terminal part of TRIMs varies, and about one half of approximately 100 TRIM proteins in the human genome contain a C-terminal PRYSPRY domain (also known as B30.2 domain), a protein-protein interaction module (2, 3, 5) .
Rhesus TRIM5α is a cytoplasmic protein that normally blocks HIV replication after cell entry but prior to completion of reverse transcription (1) . Viral determinants of susceptibility to TRIM5α-mediated restriction are located within the capsid protein (6, 7) , and the restriction potency correlates with the ability of the cytosolic TRIM5α to cosediment with the assembled viral capsid (8, 9) , strongly suggesting that direct interactions of TRIM5α with the viral capsid are required for restriction. The PRYSPRY domain of TRIM5α is believed to form most of the capsid-TRIM5α interface as species-specific sequence variations within the PRYSPRY domain account for differences in the viral specificity of the TRIM5α-mediated restriction (10) (11) (12) . In fact, the TRI-M5α PRYSPRY domains contain some of the most rapidly changing protein segments within primate genomes, an illustration of how the evolutionary antagonism between retroviruses and their primate hosts accelerates remodeling of the host-pathogen interface (13) . Most notably, recent evolution of the human TRIM5α PRYSPRY domain resulted in the variant that has poor affinity for the HIV capsid, the vulnerability that contributed to the AIDS pandemic when the simian immunodeficiency virus (SIV) passed from chimpanzees into a human host (1, 8, 9, 14) .
TRIM5α binds to the assembled capsid of the mature viral core rather than the monomeric capsid protein, suggesting that TRI-M5α may act as a pattern-recognition molecule (4, 8, 9) . Remarkably, an EM investigation revealed that the purified tripartite motif of TRIM5α forms hexagonal arrays that match the symmetry of the assembled retroviral capsid (15, 16) . This observation suggested a model of TRIM5α-capsid interaction, in which the hexagonal assembly of TRIM5α would juxtapose the PRYSPRY domains with the regularly spaced epitopes on the surface of the assembled capsid, leading to specific, high-affinity binding of TRIM5α to the retroviral core. Mutations that interfere with TRIM5α self-association also disrupt capsid cosedimentation confirming the importance of TRIM5α multimerization and the avidity effect in capsid recognition (15, (17) (18) (19) . Such multivalent, high-avidity interactions pose significant experimental challenges. The binding of the individual PRYSPRY domains to the capsid surface may be very weak, which may be one of the reasons why direct PRYSPRY-capsid interactions have not yet been demonstrated by biochemical, biophysical, or structural means despite the extensive mutagenesis and evolutionary data suggesting a PRYSPRY-capsid interface.
The arrangement of the HIV capsid protein in the mature retroviral core is well-characterized, and the atomic-resolution model of the entire assembled structure is now available (20) ; in contrast, structures of the primate TRIM5α PRYSPRY domains have remained elusive, limiting our insight into capsid recognition by TRIM5α. Here we describe the structure of the rhesus TRIM5α PRYSPRY domain determined by a hybrid experimental approach that combines NMR spectroscopy and X-ray crystallography. The structure, NMR titration experiments, and site-directed mutagenesis suggest an extensive capsid-PRYSPRY interface dominated by the highly mobile v1 loop of the PRYSPRY domain. The capsid recognition mechanism, which is reminiscent of antigen recognition by the natural and the early immune response antibodies because it also involves mobile variable loops and high-avidity binding, may facilitate restriction of divergent retroviruses and increase resistance of TRIM5α to capsid mutations.
Results
Structure and Dynamics of the rhTRIM5α PRYSPRY. Production of the recombinant TRIM5α PRYSPRY domain in bacterial expression systems is impeded by the low total protein expression and by the low soluble-to-insoluble protein ratio. Two features of our protein expression strategy were important for high yields of soluble recombinant protein: (i) codon optimization of TRIM5α sequences and protein expression in the BL21 Rosetta 2 (EMD/Novagen) bacterial strains and (ii) use of the N-terminal solubility enhancement tag derived from the B1 domain of protein G (GB1) (21) . Detailed description of protein production and crystallization can be found in SI Experimental Procedures.
The wild type version of rhTRIM5α PRYSPRY was refractory to crystallization; therefore, we used NMR to identify mobile segments within PRYSPRY that could interfere with protein crystal packing. Measurement of the relaxation parameters of the protein backbone amides revealed that the v1 variable loop of the PRYSPRY domain was indeed highly mobile (Fig. 1A) . Analysis of the relaxation data and modeling of the TRIM5α structural core guided production of a v1-deleted rhTRIM5α PRYSPRY construct (designated Δv1 elsewhere in the text). In this construct, the 24-residue v1 segment of the rhPRYSPRY (aa 326-349) was replaced by a two-amino-acid linker, Ala-Gly. The Δv1 PRYSPRY variant produced well-diffracting crystals at multiple crystallization conditions enabling determination of the crystal structure at 1.55 Å resolution. Crystallographic statistics are given in Table 1 , and the unusual packing of the protein in the crystal is discussed in Experimental Procedures.
The v1 loop is critical for retroviral restriction. Numerous mutations within the loop are known to disrupt restriction, and conversely, mutations within the v1 of the human TRIM5α can restore HIV restriction with potency approaching that of the rhesus protein (12, 22, 23) . Moreover, the composition of the v1 loop has been under strong positive selection during recent primate evolution (13) . We analyzed the Nuclear Overhauser Effect (NOE) data from the 15 N-and 13 C-dispersed NOE-heteronuclear single quantum coherence (HSQC) experiments performed on the wild type version of rhTRIM5α PRYSPRY to calculate v1 conformations consistent with the observed NOE contacts. The pairwise interproton distance restraints obtained from the NOE data limit the number of conformations that the v1 region can possibly adopt. The resulting hybrid X-ray/NMR structure is shown in Fig. 1B . The v1 loop protrudes from the otherwise globular PRYSPRY domain and can adopt multiple divergent conformations without violating the NOE-derived restraints. These findings are consistent with the mobility of the v1 segment apparent from the relaxation measurements.
Structural Evolution of PRYSPRY Domains. Comparison of the TRI-M5α PRYSPRY structure to other known PRYSPRY structures offers insights into the molecular evolution of the primate TRI-M5α and the expansion of PRYSPRY-containing TRIM proteins within the genomes of higher organisms. TRIM21 is the closest evolutionary cousin of TRIM5α for which the PRYSPRY structure is known, and the interactions with its binding partner, the invariant Fc segment of IgG, have been biochemically and structurally characterized (24, 25) . Structural comparison of the PRYSPRY domains of TRIM5α and TRIM21 reveals that, whereas the core beta sandwich architecture and the packing of the hydrophobic core residues are essentially the same for the two proteins, their surfaces have diverged. The structural divergence between TRIM5α and TRIM21 PRYSPRY is primarily manifested in the distinct backbone conformations within the socalled variable loop regions v1 through v4, which display low sequence homology between different PRYSPRYs. Remarkably, the structural differences are clustered on one face of the protein ( Fig. 2A ). This structurally divergent protein face forms the binding interface in TRIM21,Gustavus, and SPSB1-4 proteins, the interactions of which with their binding partners have been structurally characterized (24, 26, 27) . In primate TRIM5α, the residues that display strong positive selection in recent evolution as well as sequence insertion sites map to the same protein surface (10, 11, 13) , offering strong evidence that the TRIM5α PRYSPRY uses the same interface for binding to the retroviral capsids (Fig. 2B) . The observation that the structural divergence between closely related PRYSPRY domains is confined to the interaction interface illustrates that the binding specificity of the PRYSPRY domain has conferred enhanced fitness and shaped the evolution of primate TRIM5α, and probably of other PRYSPRY-containing TRIM proteins.
Mapping of the PRYSPRY-Capsid Interface. To further characterize the surface involved in the PRYSPRY-capsid interactions we performed NMR titrations of the 15 N-labeled rhPRYSPRY with the unlabeled N-terminal domain of the HIV capsid (CA-NTD). The NMR spectra revealed that the addition of CA-NTD to PRYSPRY produced broadening/weakening of the PRYSPRY NMR signals as a function of the CA-NTD concentration (SI Text). The rates of signal broadening were not uniform, but rather were most pronounced for the signals of the v1 and v2 segments and for the residues in the N-terminal segment preceding the v1 loop ( Fig. 2C  and D) . The broadening of the NMR signals is indicative of the conformational changes in the v1 and v2 segments of the PRYSPRY structure upon CA-NTD binding. The fact that the broadening rather than peak shifting is observed is characteristic of the intermediate exchange regime on the NMR timescale, when the exchange rates between the bound and the unbound forms are comparable to frequency differences between NMR signals of the two states.
To test whether the PRYSPRY-capsid interaction observed by NMR is physiologically relevant we performed the same titration with the v1C-5A mutant of the rhesus PRYSPRY, which contains a five-alanine substitution of the NFNYC (aa 345-349) segment in the C-terminal portion of the mobile v1 loop. Point mutations of surface PRYSPRY residues result only in partial reduction of the restriction activity, therefore we chose the v1C-5A mutant because it is severely impaired in HIV restriction, but is nevertheless structurally intact (SI Text). The characteristic enhanced broadening of the NMR signals observed for the wild-type rhesus PRYSPRY is not present in v1C-5A mutant (Fig. 2C) , suggesting that the PRYSPRY-capsid interaction observed by NMR correlates with the restriction activity of TRIM5α.
The binding between CA-NTD and PRYSPRY is very weak, because even when the two proteins are mixed at 200 μM each the binding is not close to saturation. By extending the NMR titration experiments to higher CA-NTD concentrations we can estimate that the dissociation constant of the PRYSPRY/CA-NTD binding is approximately 410 AE 90 μM (SI Text). This remarkably weak interaction of the isolated PRYSPRY domain with CA-NTD confirms the importance of the avidity effect in TRIM5α recognition of the mature viral cores. The fact that the binding occurs in the intermediate NMR exchange regime (see above) even for such weak interaction indicates that the k on rate for the binding is slow, consistent with the observation that the binding is accompanied by significant conformational changes.
We do not observe NMR signals for some backbone segments at the binding interface, raising the possibility that the residues not visible by NMR may still be important for capsid binding. Indeed, site-directed mutagenesis revealed that features of the structurally variable face of the PRYSPRY domain outside of the v1 and v2 loops are important for restriction (Fig. 2D) . For example, alanine substitution of residue E410 in the v3 region, which is important for MLV restriction by the human TRIM5α (28) , and the neighboring V412, displayed as much attenuation of HIV-1 restriction by rhTRIM5α as did the point mutations in the v1 loop. Mutation of R484 in the v4 loop reduced restriction potency from 100-fold to 21-fold. Thus, although the v1 and v2 loops undergo the most dramatic and observable conformational changes upon capsid binding they are not the sole determinants of HIV restriction on the variable face of TRIM5α PRYSPRY (Fig. 2D ). Together these results suggest an extended interaction interface with multiple epitopes akin to the one observed in the TRIM21-IgG Fc complex.
Discussion
Here we describe the high-resolution structure of the rhesus TRIM5α PRYSPRY domain and map its interactions with the HIV capsid, offering insight into the structural basis of retroviral capsid binding. We find that capsid recognition by the PRYSPRY domain displays three distinctive features: (i) the capsid-binding interface of the PRYSPRY domain is located on the structurally divergent face of the protein formed by hypervariable loops designated v1 through v4, (ii) the binding surface is dominated by a mobile v1 segment that undergoes considerable structural rearrangements upon capsid binding , and (iii) the interaction of the isolated PRYSPRY domain with the capsid is weak and likely to involve multiple capsid epitopes.
The structural features of the TRIM5α PRYSPRY domain reveal striking similarities between capsid recognition by TRIM5α and antigen recognition by germ line antibodies. Germ line or near germ line amino acid sequences of the variable domains are frequently observed in the natural and early IgM antibodies (29) , which are commonly polyreactive (capable of binding structurally unrelated epitopes), bind antigens relatively weakly, and display high-avidity binding owing to the presence of 10 antigen-binding sites in a single pentameric IgM macromolecule. These properties make IgM distinct from the affinity-matured IgG antibodies that bind their antigens with very high affinity and specificity. Structural and biophysical studies of antigen binding by the germ line versus affinity-matured antibodies revealed that the antigen-binding loops of the germ line antibodies and the antibodies of the early immune response are very mobile and undergo significant structural rearrangements upon antigen binding, whereas in the affinity-matured antibodies amino acid changes acquired via somatic hypermutation and clonal selection lock these loops in well-defined conformations and thereby transform antigen binding into a high-affinity, lock-and-key mode of interaction (30) (31) (32) . The structural plasticity of the antigen binding surface explains the relatively low antigen affinity of germ line antibodies and is essential for their polyreactivity, a distinctive property viewed as critical for diverse biological functions of IgM (29) . The long and mobile v1 loop that protrudes from the otherwise globular structure is a characteristic feature of the TRIM5α PRYSPRY. The mobility of v1 in TRIM5α and the associated loss of conformational entropy upon capsid binding almost certainly contribute to the weak affinity of the isolated PRYSPRY domain for the capsid. In contrast, structural and biophysical characterization of TRIM21-IgG interactions revealed that in the TRIM21 PRYSPRY the v1 loop is rather rigid, flanking an extensive preformed binding interface and resulting in a significantly tighter interaction with its target, the Fc chain of IgG (25) . Such differences in v1 mobility resemble differences between germ line and affinity-matured antibodies and most likely reflect different biological functions of TRIM5α and TRIM21. TRIM21 is thought to function as a cytosolic IgG receptor (33) that binds to the structurally invariant Fc segment, whereas TRIM5α binds directly to a viral structural element; thus, the mobility of the v1 region may be beneficial in evolutionary terms because it would allow TRIM5α to adapt to mutations on the surface of the capsid. The relatively low affinity of the individual PRYSPRY modules for the capsid resulting from v1 mobility is compensated for by the avidity effect produced by higher-order multimerization of TRIM5α into hexagonal arrays that match the symmetry of the assembled retroviral capsids (15) (Fig. 3A) .
In a functional parallel to IgM polyreactivity, primate TRIM5α proteins are remarkable for their ability to restrict divergent retroviruses that share few similarities in the amino acid composition of their capsids. Rhesus TRIM5α PRYSPRY, for example, displays potent restriction activity against HIV-1, but is also moderately active against MLV (34) . Conformational plasticity of the PRYSPRY domain is the most likely explanation of the broad specificity displayed by some TRIM5α variants, analogous to the mechanism of the IgM polyreactivity.
Similarities to IgM should be taken into consideration when using the high-resolution PRYSPRY structure reported here to interpret extensive mutagenesis data available for TRIM5α and to design future studies. Just as in the case of antigen-antibody interactions, TRIM5α mutations that affect binding are not necessarily altering direct contacts with the ligand, but rather may act by limiting the conformational space accessible to the v1 variable loop segment. For example, v1 dynamics may help explain how point mutations within the v1 of the human TRIM5α can alter its viral specificity profile or restore its activity against HIV (12, 22, 23, 35, 36) .
It is informative to consider the relative sizes of the protein assemblies and binding interfaces involved in the TRIM5α-capsid interaction. Fig. 3 shows one possible arrangement of TRIM5α at the surface of the HIV mature core proposed in the EM study of TRIM5α hexagonal assemblies (15) . We still lack the intermolecular PRYSPRY-capsid distance restraints that would allow identification of the PRYSPRY binding sites, so the placement of the PRYSRPY domains on the capsid surface is completely arbitrary and many different arrangements could be envisioned. The figure, however, illustrates two important points. First, the placement of the PRYSPRY domains is relatively sparse and TRIM5α uses only a small fraction of the capsid monomers in the core for the binding (Fig. 3A) . Second, the variable face of PRYSPRY, oriented toward the capsid surface in Fig. 3B is larger than the solvent-exposed surface of the capsid N-terminal domain monomer and is likely to recognize epitopes spanning more than one capsid monomer within the hexamer. Such an extended interaction surface with multiple epitopes is consistent with numerous functional studies (28, 35, 37) and with the analysis of the MLV mutants that escape restriction by TRIM5α (38) , which showed that point mutations that compromise restriction are located almost 30 Å apart on the capsid surface.
In summary, our structural and biophysical results reveal that the PRYSPRY domain of TRIM5α displays distinctive features of an immune recognition module that has evolved to bind pathogen-associated molecular patterns displayed on the surface of the retroviral capsid. Dynamics of the v1 segment located on the structurally variable capsid-binding surface of the domain and parallels to IgM-antigen interactions suggest that mutations that affect the mobility of this variable loop may have strong effects on the affinity and specificity of capsid binding. Conformational plasticity of the binding interface, weak capsid affinity of the isolated PRYSPRY domains and interaction with multiple epitopes are important factors to be considered in the studies of capsid recognition by TRIM5α.
Experimental Procedures
Protein Production and Purification. Detailed description of protein production and crystallization can be found in SI Experimental Procedures.
X-ray Crystallography. The structure of rhPRYSPRY was determined by the molecular replacement method implemented in PHASER (39), using Protein Data Bank (PDB) ID code 2WL1 (40) as the search model. Coordinates for the model were refined using PHENIX (41) including simulated annealing with torsion angle dynamics and individual anisotropic displacement parameter refinement, and alternated with manual rebuilding using COOT (42) . Data collection and refinement statistics are shown in Table 1 .
TRIM5α Δv1 PRYSPRY is assembled into a domain-swapped trimer in the crystal (SI Text). The N-terminal segments (aa 292-325) are cyclically swapped in the monomers within the trimer. Apparently, the v1 deletion and the high protein concentration at crystallization conditions lead to the formation of the domain-swapped trimer, a stabilized structure that promoted crystal growth. Oligomerization by swapping of substructural elements can be functionally significant, especially for proteins occurring in the intrinsically crowded multicopy environments such as viral shells, protein filaments, flagella, etc. (43, 44) , but many domain-swapped oligomers observed in crystals are simply crystallization peculiarities not linked to the function of the native proteins. We believe the latter to be the case for the Δv1 PRYSPRY crystals, as the wild type and the Δv1 PRYSPRY constructs are predominantly monomeric in our NMR samples, and the observed domain-swapped trimerization obstructs protein surfaces expected to contact the viral capsid. The coordinate file of the unswapped rhesus Δv1 PRYSPRY monomer with the B factors preserved is available at http://ivanovlab.uthscsa.edu/ trim5alpha/. The structure of the monomer is not perturbed by domain-swapped oligomerization with the exception of the short linker region connecting the swapped element to the rest of the structure (in our case the Ala-Gly linker used to substitute the v1 loop) (SI Text). NOE-based distance restraints for the variable loop v1 were extracted from 700-MHz three-dimensional NOESY-[1H,15N]-HSQC and 700-MHz three-dimensional NOESY-[1H,13C]-HSQC spectra. No long-range NOEs were observed between the v1 and the protein outside of v1. The final structures of the rhPRYSPRY were calculated using XPLOR-NIH. Simulated annealing with NOE-derived distance restraints was applied to the variable loop v1 only (residues 325-349) whereas positions of the rest of the atoms in protein were held fixed at the coordinates determined by X-ray crystallography. Structural statistics shown listed in Table 1 are typical of a disordered loop region in a protein structure determined by NMR spectroscopy.
NMR titration of 15 N-labeled rhPRYSPRY ( approximately 0.19 mM) with unlabeled CA-NTD was conducted at 298 K on a Bruker Avance 700 MHz spectrometer by recording a series of 1H-15N Transverse Relaxation Optimized Spectroscopy, TROSY-HSQC spectra containing molar ratios from 1∶0 up to 1∶2.5. For each cross-peak the intensity was evaluated using NMRView and plotted as a function of the protein concentration ratio. Broadening rates R for each peak were determined by fitting signal intensity plots above with simple exponential decays IðcÞ ¼ I o e −Rc , where c is the protein concentration ratio (CA-NTD/PRYSPRY).
The Kd value of the interaction was estimated from a similar titration but extended to higher CA-NTD concentrations (1∶10 (15)). HIV capsid assembly is derived from PDB ID codes 3DIK (47) and 3H47 (48) . Only the N-terminal domains of the capsid that form the outer surface of the core are shown. Capsid C-terminal domains are omitted for clarity because they face the interior and are not accessible to interact with the PRYSPRY. Capsid monomers within the hexamers are shown in alternating colors (green and blue). (B) The structure of the rhTRIM5α PRYSPRY (orange) with the variable interaction face oriented toward the surface of the assembled capsid. The figure is only meant to illustrate the relative sizes of the PRYSPRY, CA-NTD, and the hexagonal arrays formed by the TRIM5α and the HIV capsid.
